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FOREWORD

This research was supported by the Advanced Research Projects Agency
(Project Defender), and was monitored by ESD under Contract No. AF 19(628)-
5165,

REVIEW AND APPROVAL

Publication of this technical report does not constitute Air Force approval
of the report's findings or conclusions. It is published only for the exchange
and stimulation of ideas.

E T Y€ G
ATH, M. BYRAM
Project Officer
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ABSTRACT

The effect of atmospheric drag on the trajectory of a reentry body is
considered. The analysis is valid in the high altitude regime. Results are
presented as the differential displacement and velocity from the vacuum
trajectory for various values of ballistic coefficient.
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The differential displacement of a re-entering body due to atmospheric
drag is considered in this report. The situation considered is shown below.
The body enters the atmosphere at an angle GE from the horizontal with
an initial velocity V- The altitude, measured from the earth's surface,

is h. The altitude ho is chosen large enough such that:
p(ho) ~ 0 (1)

where p(h) is the atmospheric density as a function of altitude.

Neglecting the earth's curvature, the effect of earth gravity and
atmospheric drag, the trajectory of the re-entering body is a straight
line and the displacement along the trajectory is given by:

h -h
o

= — 2
. sin GE o



where

S = vt (3)

Including, now, the effect of drag (but not lift), the classical

equation for deceleration due to drag is:

- =55 ) v @)

Here v is the instantaneous velocity of the vehicle and B the ballistic
coefficient.

Constraining the analysis to the high altitude re-entry regime where
changes in v are small, the drag force can be calculated by assuming
VeV in this regime.

From equations (2) and (3):

dh
dt = - v sin © (5)

Substituting equation (4) for dt, and setting v Vol
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But:

, - 88
dt
Therefore:
v dt .
ds = vodt + EET;I;—E— f p(h) dh
o

from equation (8). Substituting from equation {5):

h
dh .
8 = Vot * Trin ey [ peh) an
0]
Integrating equation (11):
S € h h'
1. 1 ] !
- I R
I as = v, Idt TICEEW Idh ‘f o(h') dh
S t h h
o o )
But:
S =0
o
at h = h_ . Thus
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Now, in the absence of the atmosphere, equation (4) reduces to:

|
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and the displacement i

Subtracting (14) from (16) gives the differential displacement AS:

h h'
= LI ..____1..___ j |J' ' '
AS = S S = 2B(sin GE)Q dh p(h') dh
h h
o o
For comparison the velocity, 9%%?1 , and the deceleration,
derived:
h
d(as) _ 1

From equations (2) and

or

Therefore:

But:
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Therefore:

d(4s) o ;
s - |
dt - 2B sin © | f p(h) dn | L)

g

(o]

The deceleration is found from a second differentiation:

d® (A8) ol dh \
= : = p(h) (24)
at? 2B sin QE dt
or-
2 V2
a(as) _ o p(h) (25)
dt® 2B

The results of this analysis are presented in Figure 1, as AS vs. h

d(As) d® (AS)
and -
dt dt<

for three different values of B. For comparison,
presented in Figures 2 through 3. Since this analysis applies only in
the region where the velocity change is small, the curves are tecrmirited
at the appropriate lowest altitude for the particular value of B. The
atmospheric density profile used is known in Figure 4", The first and

second integrals of the density profile are given in Figures 5 and 6.
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S. Sharenson
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P. J. Nawrocki and R. Papa, Atmospheric Processes, Prentice-Hall, Inc.,
New Jersey, 1963.




OOOOOO

//I
yo

o

N

3 28 |
QLA k-

TR\
! \\ I\ J
AAAAAA ARVARNY
ARVIVARI SWRRTARWY
\\\\ i\l A\

NN NN AN N
W AVARY WA A
\ L\ N\

TTTTTTTTTTTTT

Figure |
AS VS ALTITU DE 6 =REENTRY ANGLE B=BALLISTIC COEFF. -PSF




1000
800

600

400

200

100
80

60

40
d (AS)_FT
e /SEC

20

0.1

\

R\

A\
VAW

W \\\\ N
W\ AN

L\

¥\\\

AN
RV

RN

200

250

300

ALTITUDE — KFT.

———= VS. ALTITUDE

Figure 2

350

400

8¢ = REENTRY ANGLE

7

5500 NM TRAJECTORY B =BALLISTIC COEFF. -PSF

450



dddddddd
''''''

=100 B=10 B

20° 60° 20° 60° 20° 60°
\soo/  \spo/ \s0/

N
ANANAN

TTTTTTTTTTTTT

2
5L Vs ALTITUDE 8¢ = REENTRY ANGLE

5500 NM TRAJECTORY B =BALLISTIC COEFF. -PSF




plh)—

LBS
FT3

10
67
168
16°
e A
\
\
\
\\
3 -
\
-12
10
|6|3
250 300 350 400 450 500 550 600 650 700 750 800 850
ALTITUDE -KFT.
Figure 4
ATMOSPHERIC DENSITY - p(h)
IB-17.744



10

sl N\

h —
/p(h) dh 10
hO

Les -t
FT2 \

10 <

-7

10

-8
10

10

250 300 350 400 450 500 550 600 650 700 750 800

ALTITUDE — KFT

Figure 5

h
LBS
{p (h) dh ==3
]

IB-17.743

10

850




10

10

| \

o' \
hlh,l ’, \
Jan' [ an'p(m)-
ho ho

LBS
FT

162

0>

ot

0>

250 300 350 400 450 500 550 600 650 700 750 800 850

ALTITUDE —KFT.
Figure 6
! i LBS
San'[an' pn') =
IB-17.742 ho ho

11



Unclassified
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classification of title, body of abatract and indexing annotation muat be entered when the overall report ia classified)

1. ORIGINATIN G ACTIVITY (Corporate author)
The MITRE Corporation
Bedford, Massachusetts

2a4. REPORT SECURITY 'C‘LAlsIFICATION
Unclassified

2b. GROUP

3. REPORT TITLE

High-Altitude ReEntry Drag Effects

4. DESCRIPTIVE NOTES (Type of report and incluaive datea)

N/A

5. AUTHOR(S) (Last name, first name, initial)

Sharenson, Stanley

June 1966

16

6. REPORT DATE 7@. TOTAL NO. OF PAGES 7b. NO. OF REFS

1

Ba. CONTRACT OR GRANT NO.

AF 19(628)-5165

b. PROJECT NO.

9a. ORIGINATOR'S REPORT NUMBER(S)

ESD-TR-66-95

8090
c. 9b. OTHER R
this report,

EPORT NO(S) (Any other numbers that may be assigned

- MTR-160

10. AVAILABILITY/LIMITATION NOTICES

Distribution of this document is unlimited.

11. SUPPLEMENTARY NOTES

12. SPONSORING MILITARY ACTIVITY Advanced Res. Proj.
Agency, Proj. Defender, ARPA Order No. 596,
Deputy for Eng. & Tech., Dir. of Radar and Opgyj
Elec. Sys. Div., L.G. Hanscom Fld., Bedford,

1C

13. ABSTRACT Mass.

The analysis is valid in the high altitude regime.

of ballistic coefficient.

Results

The effect of atmospheric drag on the trajectory of a reentry body is considered.

are presented as the

differential displacement and velocity from the vacuum trajectory for various values

DD .52%. 1473

Unclassified

Security Classification



Unclassified

Security Classification

KEY WORDS

LINK A LINK B LINK C

ROLE ROLE ROLE

Satellites
Reentry, at High Altitudes

Atmospheric Drag, Effects on Trajectory

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
‘““Restricted Data’’ is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200.10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal author is an absolute minimum requirement.

6. REPORT DATZ: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
shouid follow normal pagination procedures, i.e., enter the
number of pages containing information.

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If eppropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those

impgsed by security classification, using standard statements
such as:

(1) “*Qualified requesters may obtain copies of this
report from DDC.”’

(2) ‘“‘Foreign announcement and dissemination of this
report by DDC is not authorized.'’

(3) ““U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

» "

(4) “‘U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

. "

(5) ‘“All distribution of this report is controlled. Qual-

ified DDC users shall request through

If the report has been furnished tc the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11. SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay~
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though

it may also appear elsewhere in the body of the technical re- )
port. If additional space is required, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S), (C), or (U).

There is no limitation cn the length of the abstract. How-

ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and weights is optional.

GPO 886-551

Unclassified

~Security Classification



